Introduction {#Sec1}
============

Obesity is one of the most challenging health problems worldwide which leads to the development of many different medical conditions, like cardiovascular disease (CVD) and the metabolic syndrome, on the one hand, and gastrointestinal disorders including colorectal cancer, on the other hand. A well-established risk factor associated with all the aforementioned diseases is an energy-dense dietary pattern rich in fat and refined carbohydrates and low in fibre \[[@CR1], [@CR2]\]. Due to its high energy density, fat has been recognised as an important macronutrient whose dietary amount and type can be easily modified. It is generally accepted that an overabundance of saturated fatty acids (SFAs) can be harmful for the body, whereas polyunsaturated fatty acids (PUFAs) are considered to be rather beneficial \[[@CR1], [@CR3]\]. Although the exact energy yield of the individual fatty acid is dependent on the chain length and the number of double bonds in the molecule, edible fats that are mixes of different fatty acids have comparable energy density \[[@CR4]\]. Thus, the beneficial activity of PUFA-rich oils on CVD and other obesity-related disorders is believed to be associated with specific effects, including those on the blood lipid profile, blood pressure, adipocyte hormones, the inflammatory response and endothelial function along with many others that are both known and as yet undefined \[[@CR4], [@CR5]\].

In the scientific community, there is a tendency towards searching for alternative plant oils with an interesting fatty acid profile, biologically active components and potential health-promoting properties. One of these oils is blackcurrant seed oil, which contains considerable amounts of essential fatty acids. Apart from linoleic and *α*-linolenic acids, blackcurrant seed oil contains a small amount of stearidonic acid and is exceptionally abundant in γ-linolenic acid (up to 20 % of total fatty acids), both of which are uncommon components of plant oils \[[@CR6], [@CR7]\]. In the body, γ-linolenic acid is a precursor for the production of eicosanoids and can be synthesised to some limited extent from *α*-linoleic acid \[[@CR8]\]. Furthermore, in addition to an interesting fatty acid profile, blackcurrant seed oil has also been reported to be a good source of tocopherols and sterols (1.1 g and 6.5 g/100 g of oil, respectively) \[[@CR7]\]. Previous studies have demonstrated several biological activities of this oil, of which immunomodulating and anti-inflammatory are the most documented \[[@CR8], [@CR9]\]. Some clinical trials on the application of blackcurrant seed oil for the prevention of hypertension and atopic dermatitis have also been performed \[[@CR10], [@CR11]\].

In the present study, it was hypothesised that given the high nutritional value of blackcurrant seed oil and the potential biological activity of its components, the oil can beneficially modulate metabolic disorders related to obesity and its complications. A nutritional evaluation of blackcurrant seed oil and its effect on liver functions, inflammation markers and blood lipids were performed in rats fed a basal or obesogenic diet. Blackcurrant seed oil was added to the diets in place of rapeseed oil, which is an example of a common edible oil with well-established nutritional quality. Furthermore, the obesogenic diet contained a decreased level of complex carbohydrates and fibre and was high in fat, all of which can affect the gut microbiota \[[@CR12], [@CR13]\]; thus, the study also aimed to investigate its potentially adverse effects on the distal intestine.

Materials and methods {#Sec2}
=====================

Dietary fats and their analysis {#Sec3}
-------------------------------

Refined low erucic acid rapeseed oil (ZT Kruszwica SA, Kruszwica, Poland) and pork lard (Animex Foods Ltd, Ostróda, Poland) were purchased in a local supermarket. The fatty acid profile of rapeseed oil was as follows: C16:0 (4.6 %), C18:0 (0.5 %), C18:1 n-9 (63.5 %), C18:2 n-6 (20.1 %), C18:3 n-3 (9.0 %) and C20:0 (2.2 %). The fatty acid profile of lard was as follows: C14:0 (1.6 %), C16:0 (29.3 %), C18:0 (0.5 %), C18:1 n-9 (58.1 %), C18:2 n-6 (8.9 %), C18:3 n-3 (0.6 %) and C20:0 (0.9 %). Refined blackcurrant seed oil of English origin was purchased from Greenaction (Kielce, Poland). The fatty acid proportions of the blackcurrant seed oil were within the ranges reported by Traifler et al. \[[@CR6]\] and are given in Table [1](#Tab1){ref-type="table"}.Table 1Fatty acid profile of blackcurrant seed oil (%)C16:05.93 ± 0.76C18:00.659 ± 0.004C18:1 n-913.9 ± 0.1C18:2 n-645.4 ± 0.2C18:3 n-313.4 ± 0.0C18:3 n-616.2 ± 0.2C18:4 n-33.06 ± 0.03C20:01.21 ± 0.44C22:00.237 ± 0.028The results are presented as the mean ± SD (*n* = 3)

The fatty acid profile of the fats was analysed after conversion of the fatty acids into methyl esters. An oil sample, together with pentadecanoic acid as an internal standard (0.1 μg/μL of oil), was dissolved in a solution composed of methanol/chloroform/sulphuric acid at a volumetric ratio of 100:100:1 and then heated at 100 °C for 2 h. Afterwards, an analysis was performed using a gas chromatograph (Clarus 600, Perkin Elmer, MA, USA) with a flame ionisation detector and a Supelcowax 10 column (30 m × 0.32 mm × 0.25 µm). The column, injector and flame ionisation detector temperatures were 190, 250 and 250 °C, respectively, and the flow rate of helium, used as a carrier gas, was 1.6 mL/min. Fatty acid methyl esters were identified using Totalchrom software.

Animals and diets {#Sec4}
-----------------

The experiment was conducted on 32 male Wistar rats randomly assigned to one of four groups of eight animals each. The initial body weight was comparable among groups and equalled 128 ± 6 g on average. For 8 weeks, the rats were subjected to the following dietary treatments: groups B-RO and B-BO were fed a basal, semi-purified rodent diet \[[@CR14]\] with rapeseed oil or blackcurrant seed oil as the sole source of fat, respectively (7 % of the diet), and groups O-RO and O-BO were fed an obesogenic diet containing rapeseed oil or blackcurrant seed oil, respectively (7 % of the diet). The obesogenic diet was a modification of the basal diet and contained lard and cholesterol (14 and 0.5 %, respectively, of the diet), which were added in place of a proportion of corn starch (Balviten Ltd, Katowice, Poland) and *α*-cellulose (Sigma-Aldrich). Details about the proportional composition of each group-specific diet are presented in Table [2](#Tab2){ref-type="table"}. The animals were kept individually in cages under a 12-h light/dark cycle, a controlled temperature of 21--22 °C and intensive room ventilation (15 times per hour) and had free access to water and their respective diets. The diets were freshly prepared at weekly intervals and stored in hermetic containers at −20 °C. The use of animals complied with European guidelines for the care and use of laboratory animals, and the animal protocol employed in this study was approved by the Local Institutional Animal Care and Use Committee (Olsztyn, Poland).Table 2Composition of the group-specific dietsIngredient (%)GroupB-ROB-BOO-ROO-BOCasein20202020[dl]{.smallcaps}-Methionine0.30.30.30.3Lard^a^----1414Rapeseed oil (Canola)^b^7--7--Blackcurrant seed oil^c^--7--7Cholesterol----0.50.5*α*-Cellulose5522Sucrose10101010Corn starch53.053.041.541.5Mineral mix^d^3.53.53.53.5Vitamin mix^d^1111Choline chloride0.20.20.20.2Calculated total fat content (%):7.37.321.321.3 SFAs0.510.565.035.08 MUFAs4.450.9712.589.11 PUFAs2.045.463.376.79  n-61.414.312.655.56  n-30.631.150.711.24 Unidentified^e^0.340.340.330.33Energy density (kcal/g)3.643.644.504.50*SFAs* saturated fatty acids, *MUFAs* monounsaturated fatty acids, *PUFAs* polyunsaturated fatty acids^a^Fatty acid profile: C14:0 (1.6 %), C16:0 (29.3 %), C18:0 (0.5 %), C18:1 n-9 (58.1 %), C18:2 n-6 (8.9 %), C18:3 n-3 (0.6 %) and C20:0 (0.9 %)^b^Fatty acid profile: C16:0 (4.6 %), C18:0 (0.5 %), C18:1 n-9 (63.5 %), C18:2 n-6 (20.1 %), C18:3 n-3 (9.0 %) and C20:0 (2.2 %)^c^Fatty acid profile in Table [1](#Tab1){ref-type="table"}^d^Recommended for the AIN-93G diet \[[@CR14]\]^e^From casein and corn starch preparations

Sample collection and analysis {#Sec5}
------------------------------

Upon termination of the experiment, the rats were weighed and anesthetised with sodium pentobarbital (50 mg/kg body weight). After a laparotomy, blood samples were collected from the caudal vein and stored in tubes containing ethylenediaminetetraacetic acid, and the gut segments (caecum and colon) and liver were removed and weighed.

The blood was centrifuged for 15 min at 380×*g*, and the obtained plasma was then stored at −20 °C until analysis. The plasma concentration of TGs, the total cholesterol (TC) and its HDL fraction (HDL-C) and the plasma activity of aspartate transaminase (AST) and alanine transaminase (ALT) were estimated using reagents from Alpha Diagnostics Ltd (Warsaw, Poland). Based on the plasma lipid profile, the atherogenic index was calculated as previously described, using the following formula: log(TGs (mmol/L)/HDL-C (mmol/L)) \[[@CR15]\]. The plasma C-reactive protein (CRP) concentration was determined using a validated rat enzyme immunoassay kit (hs-CRP; Cusabio, Wuhan, China).

Samples of the caecal and colonic digesta were collected, fractions of which were stored at −70 °C. In the fresh caecal and colonic digesta, the pH was measured using a microelectrode and a pH/ION meter (model 301; Hanna Instruments, Vila do Conde, Portugal). The concentration of short-chain fatty acids (SCFAs) was measured in the caecal digesta using gas chromatography (Shimadzu GC-2010, Kyoto, Japan). Each sample (0.2 g) was mixed with 0.2 mL of formic acid, diluted with deionised water and centrifuged at 9,503×*g* for 10 min. The supernatant was loaded onto a capillary column (SGE BP21, 30 m × 0.53 mm; SGE Europe Ltd, MK, UK) using an on-column injector. The initial oven temperature was 85 °C and was increased to 180 °C at a rate of 8 °C/min and held there for 3 min. The temperatures of the flame ionisation detector and the injection port were 180 and 85 °C, respectively. The activity of the microbial enzymes (*α*- and *β*-glucosidase, *α*-and *β*-galactosidase) in the caecal and colonic digesta was measured spectrophotometrically using the rate of *p*- or *o*-nitrophenol release from their nitrophenyl-glycosides (Sigma-Aldrich) and expressed as µmol of product formed per h per g of digesta. The reaction mixture contained 0.3 mL of substrate solution (5 mM) and 0.2 mL of a 1:10 (v/v) dilution of the caecal or colon sample in 100 mM phosphate buffer (pH 7.0) after centrifugation at 9,503×*g* for 15 min. Incubation was performed at 37 °C, and *p*- and *o*-nitrophenol were quantified at 400 and 420 nm, respectively, after the addition of 2.5 mL of cold 0.25 M sodium carbonate.

The liver fat and lean mass were analysed shortly after dissection using time-domain nuclear magnetic resonance (Minispec LF 90II, Bruker, Karlsruhe, Germany). After storage of the liver at −20 °C, the glutathione (GSH) and glutathione disulphide (GSSG) levels in the liver tissue were determined spectrophotometrically using the method of Rahman et al. \[[@CR16]\].

Statistical analysis {#Sec6}
--------------------

The data are expressed as the mean and the pooled standard error of the mean (SEM). STATISTICA software, version 8.0 (StatSoft Corp., Krakow, Poland), was utilised to determine whether variables differed among the treatment groups. The effects of the type of diet (basal or obesogenic, *D*) and the type of dietary oil (rapeseed or blackcurrant seed, *O*) and the interaction between these investigated factors (*D* × *O*) were assessed by two-way analysis of variance (ANOVA). If the ANOVA revealed a significant interaction (*P* ≤ 0.05), the differences between the individual groups were then assessed with Duncan's multiple range post hoc test at *P* ≤ 0.05.

Results {#Sec7}
=======

After the 8-week period, for the obesogenic feeding regimen, the calorie intake (CI), the body weight (BW) and the body weight gain (BWG) were increased (*P* \< 0.01, Table [3](#Tab3){ref-type="table"}). Moreover, the obesogenic diet increased the relative liver mass and the liver's fat proportion (*P* \< 0.001 and *P* \< 0.01), whereas the liver's lean proportion was similar to the basal diet (*P* \> 0.05). Compared with dietary rapeseed oil, dietary blackcurrant seed oil decreased the liver's fat proportion (*P* \< 0.05) but did not change the relative liver mass nor the liver's lean proportion (*P* = 0.07). Moreover, the liver GSH/GSSG ratio were lowered by the obesogenic feeding regimen (*P* \< 0.01).Table 3Animal growth and liver fat, lean and glutathione content in rats after 8 weeks of feedingCI (kcal/day)BW (g)BWG (g)LiverMass^a^Fat (%)Lean (%)GSH/GSSG^b^Group B-RO60.73442163.6026.158.97.74 B-BO62.33562283.4225.159.06.74 O-RO66.83722454.6049.547.52.03 O-BO67.73802524.2640.153.81.85Pooled SEM0.945.15.20.1002.221.400.748Diet (*D*) Basal61.53502223.5125.659.07.24 Obesogenic67.33762494.4344.850.61.94 *P* value0.0010.0070.0050.0000.0020.1460.009Oil (*O*) Rapeseed63.83582314.1037.853.24.88 Blackcurrant seed65.03682403.8432.656.44.30 *P* value0.0610.0720.0540.2840.0410.0650.518Interaction (*D* × *O*) *P* value0.1020.2040.1840.8000.1480.2360.276Groups B-RO and B-BO were fed a basal diet containing rapeseed oil or blackcurrant seed oil, respectively, as the source of fat. Groups O-RO and O-BO were fed an obesogenic diet containing rapeseed oil or blackcurrant seed oil, respectively*CI* calorie intake, *BW* body weight, *BWG* body weight gain, *GSH/GSSG* glutathione to glutathione disulphide ratio^a^g/100 g body weight^b^µmol/g tissue

The plasma transaminase activities are shown in Fig. [1](#Fig1){ref-type="fig"}. Both the ALT and AST activity were affected by the type of diet (*P* \< 0.001) and the type of oil (*P* \< 0.01 and *P* \< 0.05, respectively) and an interaction effect between these dietary factors was also observed (*D* × *O*, *P* \< 0.01). Hence, the ALT and AST activity were higher in group O-BO than in the other groups, as established by the Duncan's post hoc test (*P* ≤ 0.05).Fig. 1The plasma activity of alanine transaminase (ALT) and aspartate transaminase (AST) in rats. Groups B-RO and B-BO were fed a basal diet containing rapeseed oil or blackcurrant seed oil, respectively, as the source of fat. Groups O-RO and O-SO were fed an obesogenic diet containing rapeseed oil or blackcurrant seed oil, respectively. The mean values with unlike letters of the same colour (*a, b*) were significantly different in Duncan's post hoc test (*P* \< 0.05)

The relative caecal and colon tissue and digesta mass and the pH value of the caecal and colon digesta were comparable among all the groups (*P* \> 0.05, Table [4](#Tab4){ref-type="table"}). The butyrate and total SCFA concentrations in the caecal digesta were affected by the obesogenic feeding regimen (*P* \< 0.01 and *P* \< 0.05, respectively). The activity of microbial enzymes in the hindgut digesta is shown in Table [5](#Tab5){ref-type="table"}. In the caecal digesta, the *α*-and *β*-glucosidase and the *α*-galactosidase activity decreased due to the obesogenic diet (*P* \< 0.01), and for the *α*-glucosidase activity, an interaction effect between the experimental factors was also observed (*D* × *O*, *P* \< 0.01). The caecal *α*-glucosidase activity was higher in group B-BO than in the other groups (*P* ≤ 0.05). In the colon digesta, the obesogenic feeding regimen decreased the *β*-glucosidase and *α*-galactosidase activity (*P* \< 0.001 and *P* \< 0.01, respectively), whereas blackcurrant seed oil increased the *α*-and *β*-glucosidase and the *β*-galactosidase activity (*P* \< 0.05 and *P* \< 0.001 and *P* \< 0.05, respectively). When examining the *β*-glucosidase activity, an interaction effect between the experimental factors was also observed (*D* × *O*, *P* \< 0.01); thus, the activity was higher in group B-BO than in the other groups (*P* \< 0.05).Table 4Basic indices and short-chain fatty acids (SCFAs) in the hindgut digesta of ratsCaecumCaecal SCFA concentration (μmol/g)ColonTissue Mass^a^Digesta mass^b^pHC2C3C4TotalTissue Mass^a^Digesta mass^b^pHGroup B-RO0.1643.557.19120.020.426.91760.2681.0427.13 B-BO0.1473.607.24112.421.425.31690.2930.8637.15 O-RO0.1463.157.3198.920.811.01380.2420.8307.35 O-BO0.1532.867.2493.521.411.21350.2230.7947.40Pooled SEM0.0040.1500.0393.280.691.745.10.0090.0790.063Diet (*D*) Basal0.1563.577.22116.420.926.21730.2800.9527.14 Obesogenic0.1493.017.2896.221.111.11360.2320.8127.38 *P* value0.5260.1560.8610.0630.6830.0040.0250.0940.7440.174Oil (*O*) Rapeseed0.1553.357.25109.420.619.01570.2550.9367.24 Blackcurrant seed0.1503.237.24102.321.417.81510.2580.8287.29 *P* value0.2190.4150.3610.7670.1170.5420.5650.3140.9460.927Interaction (*D* × *O*) *P* value0.4440.7230.5400.8170.9040.6950.9190.4530.8170.593Groups B-RO and B-BO were fed a basal diet containing rapeseed oil or blackcurrant seed oil, respectively, as the source of fat. Groups O-RO and O-BO were fed an obesogenic diet containing rapeseed oil or blackcurrant seed oil, respectively. C2, acetate; C3, propionate; C4, butyrate^a^g/100 g body weight^b^g/g caecal or colon tissueTable 5Activity of microbial enzymes in the hindgut digesta of rats (μmol/h/g)CaecumColon*α*-glu*β*-glu*α*-gal*β*-gal*α*-glu*β*-glu*α*-gal*β*-galGroup B-RO19.8^b^5.6015.649.723.05.50^b^20.266.0 B-BO26.2^a^6.9922.954.132.411.3^a^31.483.8 O-RO19.1^b^1.6411.444.525.12.14^b^14.767.0 O-BO17.1^b^2.2112.944.427.35.02^b^16.775.6Pooled SEM0.800.4770.971.971.050.6901.532.72Diet (*D*) Basal23.06.2919.251.927.78.4125.874.9 Obesogenic18.11.9312.244.526.23.5815.771.3 *P* value0.0100.0000.0040.1120.8500.0000.0100.469Oil (*O*) Rapeseed19.43.6213.547.124.13.8217.466.5 Blackcurrant seed21.74.6017.949.229.98.1724.079.7 *P* value0.1830.0860.0880.3080.0270.0000.0960.023Interaction (*D* × *O*) *P* value0.0020.1180.0670.3990.3230.0050.1170.898Groups B-RO and B-BO were fed a basal diet containing rapeseed oil or blackcurrant seed oil, respectively, as the source of fat. Groups O-RO and O-BO were fed an obesogenic diet containing rapeseed oil or blackcurrant seed oil, respectivelyThe mean values within a column with unlike superscript letters (a, b) were significantly different in Duncan's post hoc test (*P* \< 0.05)*α*-glu, *α*-glucosidase; *β*-glu, *β*-glucosidase; *α*-gal, *α*-galactosidase; *β*-gal, *β*-galactosidase

The plasma lipids were considerably altered by the obesogenic diet (Table [6](#Tab6){ref-type="table"}). The TG and HDL-C concentrations were decreased (*P* \< 0.01), whereas the TC and non-HDL-C concentrations were increased (*P* \< 0.01 and *P* \< 0.001, respectively) by the obesogenic feeding regimen. When examining the HDL-C concentration, an interaction effect between the type of diet and the type of oil was observed; thus, the concentration was higher in group B-BO than in the other groups (*P* \< 0.05). Moreover, dietary blackcurrant seed oil lowered the TG concentration and the atherogenic index (*P* \< 0.01 and *P* \< 0.05, Table [6](#Tab6){ref-type="table"}).Table 6Lipid profile and atherogenic index of rat plasmaTGs (mmol/L)TC (mmol/L)HDL-C (mmol/L)Non-HDL-C (mmol/L)Atherogenic index^a^Group B-RO2.1981.8631.315^b^0.5490.227 B-BO1.2432.1141.513^a^0.601−0.095 O-RO1.1262.6360.952^b^1.6840.055 O-BO0.8642.1490.884^b^1.266−0.023Pooled SEM0.1200.0850.0680.1080.039Diet (*D*) Basal1.7211.9891.4140.5750.066 Obesogenic0.9952.3930.9181.4750.019 *P* value0.0020.0020.0020.0000.186Oil (*O*) Rapeseed1.6622.2501.1341.1160.141 Blackcurrant seed1.0532.1321.1990.933−0.062 *P* value0.0070.1230.2580.2990.016Interaction (*D* × *O*) *P* value0.3200.2860.0490.8540.360Groups B-RO and B-BO were fed a basal diet containing rapeseed oil or blackcurrant seed oil, respectively, as the source of fat. Groups O-RO and O-SO were fed an obesogenic diet containing rapeseed oil or blackcurrant seed oil, respectivelyThe mean values within a column with unlike superscript letters (a, b) were significantly different in Duncan's post hoc test (*P* \< 0.05)*HDL*-*C* HDL-cholesterol, Non-HDL-C, the difference between TC and HDL-C, *TC* total cholesterol, *TGs* triglycerides^a^log(TG/HDL-C)

Discussion {#Sec8}
==========

In this study, the energy density of the obesogenic diet was 0.86 kcal/g greater than that of the basal diet. This difference was caused by the lard addition in place of a proportion of corn starch and cellulose, which were the dietary carbohydrate and fibre sources, respectively. Although the diet intake (in grams) was significantly decreased by the obesogenic dietary regimen during the feeding period (data not shown), the overall difference in CI was sufficient to induce obesity by the end of the experiment. Furthermore, neither the CI nor the BWG was significantly affected by dietary blackcurrant seed oil (*P* = 0.061 and *P* = 0.054, respectively).

Recent studies have reported an aberrant gut microbiota in obese subjects which is connected with impaired microbial metabolic activities, especially the fermentation of non-digestible saccharides \[[@CR17]\]. The most important end products of the fermentation process are SCFAs, primarily acetate, propionate and butyrate \[[@CR18]\]. They are considered as indirect nutrients for the body that are readily absorbed from the distal intestine and have a role in the regulation of energy metabolism and many other metabolic features, like de novo lipogenesis \[[@CR18], [@CR19]\]. In the present study, the obesogenic dietary regimen lowered caecal butyrate and total SCFA concentration and altered microbial metabolic activity, as reflected by the decreased caecal and colonic glucosidase and galactosidase activities. The decrease in butyrate concentration is especially unfavourable because it is the preferred energetic substrate for colonocytes, which promotes a normal phenotype for these cells and protects against damage of their DNA \[[@CR18], [@CR20]\]. Notably, Jakobsdottir et al. \[[@CR21]\] found that rats fed with a high-fat diet had significantly decreased levels of butyrate and increased levels of succinate both in the caecal digesta and serum. In human subjects, a high-fat and very low-carbohydrate diet was also able to decrease the faecal concentration of butyrate and total SCFAs \[[@CR22]\]. A dietary component that increases SCFA production in the distal intestine, especially butyrate production, is resistant starch \[[@CR20]\]. In this study, the amount of resistant starch was apparently on a lower level in the obesogenic diets, which contained less corn starch than the basal diets and that may explain the observed decrease in the butyrate concentration and *α*-glucosidase activity. The cellulose proportion was also decreased in the obesogenic diets; however, a previous study performed in our laboratory indicated that this dietary ingredient is largely inert to the caecal microbiota \[[@CR23]\]. Thus, we speculate that the reduced microbial activity and SCFA production after the obesogenic dietary regimen was partly due to the decreased proportion of dietary fibre, including especially resistant starch. Notably, the study by De Wit et al. \[[@CR24]\] suggests that a high dietary intake of fat can modulate the gut microbiota per se, likely due to its overflow into the distal intestine, and this effect seems to be dependent on the degree of unsaturation of fatty acids. In the present study, both the *α*- and *β*-glucosidase activities as well the *β*-galactosidase activity in the distal intestine were significantly elevated under the effect of dietary blackcurrant seed oil, whereas the obesogenic diet partly counteracted those effects. However, these results may also be a consequence of other components present in large quantities in blackcurrant seeds, like flavonoid glucosides and glucose and galactose polymers \[[@CR25], [@CR26]\], whose traces could have appeared in the oil after the extraction process.

In the present study, the obesogenic feeding regimen led to changes that can be considered typical for the development of fatty liver disease, including increased fat accumulation and deteriorated glutathione balance in the liver and elevated plasma transaminase activities \[[@CR27]\]. In addition, the plasma C-reactive protein concentration was slightly but significantly increased after the obesogenic diet (data not shown). This finding indicates on a low-grade inflammation in the organism, which can be caused by endotoxins derived from intestinal bacteria and is involved in the development of fatty liver disease \[[@CR28]\]. Cani et al. \[[@CR29]\] showed that high-fat diet-induced changes in the gut microbiota led to the increase of intestinal permeability and thus to metabolic endotoxemia in mice. It is noteworthy that butyrate, whose caecal concentration in this study was much lower after the obesogenic diet than after the basal diet, seems to be a key bacterial metabolite that can maintain the intestinal barrier and reduce the progression of fatty liver disease \[[@CR30], [@CR31]\]. Furthermore, in the present study, dietary blackcurrant seed oil beneficially reduced the liver fat content, which is consistent with the findings of Traitler and Winter \[[@CR32]\], who have demonstrated that feeding rats over a period of 3 months decreased the total lipids both in the liver and heart. However, both the plasma ALT and AST activities were detrimentally elevated in group O-BO, which appears to partly contradict the anti-inflammatory effects of blackcurrant seed oil widely suggested in the literature \[[@CR8], [@CR9]\]. Notably, both transaminase activities were not elevated when the blackcurrant seed oil was supplied with the basal diet. This phenomenon might suggest some problems with hepatic metabolism of the characteristic components of the oil, like γ-linolenic acid, when lipid metabolism is disturbed in the organism via an unbalanced diet. It is worth emphasising that both blackcurrant seed oil-containing diets had the same content of γ-linolenic acid (1.13 % of the diet, Table [2](#Tab2){ref-type="table"}), and this acid was not present in the rapeseed oil-containing diets. To the best of our knowledge, specific tests of the liver function after ingestion of blackcurrant seed oil have not been performed thus far in either human or animal studies. However, there is a case study by Al-Khamees et al. \[[@CR33]\] where the adverse effects of a γ-linolenic acid-rich borage oil have been described, including elevated transaminase levels. According to the available guidelines for preclinical studies, a two times or higher increase in plasma ALT activity should raise concerns on the hepatocellular injury \[[@CR34]\]. In the present study, dietary blackcurrant seed oil increased the ALT activity 1.7 times on average, whereas the obesogenic dietary regimen increased the ALT activity 2.5 times on average. However, in three particular cases out of eight in group O-BO, the ALT activity was 2--5 times higher than the average activity noted in the O-RO group. This high variation can be partly explained by the individual response of rats to the diet as it was the case for mice chronically fed a high-fat diet \[[@CR35]\].

In this study, the plasma lipid profile of rats was completely disturbed by the obesogenic diet. This was the result of the high dietary lard content, which significantly increased the content of SFAs and monounsaturated fatty acids (MUFAs), and the dietary presence of cholesterol (Table [2](#Tab2){ref-type="table"}). The addition of blackcurrant seed oil to the basal and obesogenic diet notably increased the content of PUFAs and decreased the content of MUFAs compared to the corresponding rapeseed oil-containing diets. However, the difference in MUFA contents was much less significant between the obesogenic diets due to MUFAs that came from dietary lard. Nevertheless, the addition of blackcurrant seed oil beneficially lowered the TG concentration and the liver fat content regardless of the diet type, which thus appears to be due to the higher PUFA contents in the blackcurrant seed oil-containing diets. The beneficial effects of dietary PUFAs on lipid metabolism are mainly attributed to their ability for the induction of fatty acid oxidation in the liver and skeletal muscles and simultaneous suppression of hepatic lipid synthesis \[[@CR36]\]. According to Gillingham et al. \[[@CR37]\], PUFA-rich diets have slightly higher or comparable TC- and LDL-C-lowering activities as those of MUFA-rich diets; however, the former are more efficient in TG reduction, whereas the latter preserve better HDL-C. This is not in agreement with the present study in which the HDL-C concentration was beneficially increased only in the B-BO group whose dietary content of MUFAs was the lowest among all groups. Moreover, the addition of blackcurrant seed oil to the obesogenic diet did not increase the HDL-C concentration. Apparently, the disturbances in lipid metabolism caused by the obesogenic diet were too considerable to be overcome by the tested oil. Nevertheless, the aforementioned beneficial effects of blackcurrant seed oil are reflected in the lowered atherogenic index of plasma, which is inversely correlated with the lipoprotein particle size, thus predicting atherogenicity in humans \[[@CR14]\]. In the literature, few nutritional experiments are available on the lipid-lowering effects of blackcurrant seed oil. Spielmann et al. \[[@CR38]\] showed in hypercholesterolaemic patients that dietary supplementation with blackcurrant seed oil causes a decrease in plasma TC and LDL-C and an increase in HDL-C compared with grape seed oil supplementation. In another study, dietary supplementation with blackcurrant seed oil lowered LDL-C in healthy females compared with fish oil supplementation \[[@CR39]\].

Conclusions {#Sec9}
===========

The obesogenic dietary regimen causes obesity, alterations in the hindgut microbial metabolism, fatty liver, liver injury and oxidative stress and dyslipidaemia. When compared with rapeseed oil, dietary blackcurrant seed oil ameliorates the lipid metabolism of rats by lowering liver fat accumulation and the plasma TG level and atherogenicity as well by increasing the plasma HDL-C concentration. However, the beneficial effects are restricted when blackcurrant seed oil is provided together with an unbalanced diet, and a risk of liver injury may occur.
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